We present a study exploring the nature and properties of the Circum-Galactic Medium (CGM) and its connection to the atomic gas content in the interstellar medium (ISM) of galaxies as traced by the HI 21 cm line. Our sample includes 45 low-z (0.026-0.049) galaxies from the GALEX Arecibo SDSS Survey. Their CGM was probed via absorption in the spectra of background Quasi-Stellar Objects at impact parameters of 63 to 231 kpc. The spectra were obtained with the Cosmic Origins Spectrograph aboard the Hubble Space Telescope. We detected neutral hydrogen (Lyα absorptionlines) in the CGM of 92% of the galaxies. We find the radial profile of the CGM as traced by the Lyα equivalent width can be fit as an exponential with a scale length of about 0.85 times the virial radius of the dark matter halo. We found no correlation between the orientation of the galaxies and their Lyα equivalent widths. The velocity spread of the circumgalactic gas is consistent with that seen in the atomic gas in the interstellar medium. We find strong correlations (99.5% confidence) between the gas fraction (M(HI)/M ⋆ ) and the impact parameter corrected neutral hydrogen content in the CGM. These are stronger than the analogous correlations between the star-formation rates and CGM gas content (97% confidence). These results imply a physical connection between the H I disk and the CGM on scales an order-of-magnitude larger. This is consistent with the picture in which the H I disk is nourished by accretion of gas from the CGM.
INTRODUCTION
In the standard paradigm, galaxies grow primarily through the accretion of gas that flows from the InterGalactic Medium (IGM). Much of this accreted gas is ul- * Part of the work done while visiting University of California, Berkeley Electronic address: sanch@pha.jhu.edu timately turned into new stars. In turn, the massive stars release matter and energy that can affect not only the galaxy itself, but also the IGM. These flows in and out of galaxies pass through the Circum-Galactic Medium (CGM), a region extending out from the galaxy itself to roughly the virial radius of the surrounding dark matter halo. The CGM also represents a significant reservoir of baryons ; Stocke et al. 2013 ). Thus, understanding the properties of the CGM is critical to understanding how galaxies and the IGM co-evolve.
The low densities in the CGM imply that it is very difficult to study in emission. Our ability to study the CGM in the present-day universe has been dramatically improved with the installation of the Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope (HST). This has enabled us to use the rich suite of absorption-lines due to resonance transitions of many important atoms and ions that are present in the vacuum ultraviolet. Indeed, over the last few years, studies such as the COS-Halos, COSDwarfs, and others (Tumlinson et al. 2011; Tripp et al. 2011; Prochaska et al. 2011; Borthakur et al. 2013; Tumlinson et al. 2013; Stocke et al. 2013; Werk et al. 2014; Bordoloi et al. 2014 ) have established the connection between the CGM and many of the key properties of galaxies such as star-formation rate (SFR), stellar mass, color etc. For example, the COS-Halos study found a strong correlation between the specific star-formation rate (sSFR) and O VI in the halos of L ⋆ galaxies.
However, so far we have yet to explore the connection between the interstellar medium (ISM) and the CGM. This is important because in the simplest picture we would expect that incoming gas from the CGM would be largely ionized (e.g. Werk et al. 2014 ) and upon accretion would then have to pass through an HI phase and then a molecular phase before being converted into stars. Thus, the first step in assessing the role of accretion from the CGM in the evolution of galaxies would be to look at the relationship between the properties of the CGM and of the atomic gas in the galaxy disk.
Of particular interest in this context is a better understanding of the processes that produce a clear bimodality between the population of lower mass galaxies undergoing significant star-formation and higher mass quiescent galaxies. First discovered at low-redshift (e.g. Kauffmann et al. 2003; Blanton et al. 2003; Baldry et al. 2004) , this split into a blue star-forming main sequence and a red and dead population is now known to be in place out to redshifts of two and beyond (e.g. Elbaz et al. 2011; Whitaker et al. 2013) . The galaxy bimodality suggests that galaxies undergo fundamental changes (through accretion and merging) in their gas content and their ability to form new stars after either the galaxy itself or its dark matter halo exceeds a critical mass limit (e.g. Lilly et al. 2013 ). This quenching of star formation may be related to a change in the nature of the CGM, from a pathway for rapid (v in ∼ v vir ) accretion of relatively cold gas (T << T virial ) to slow and inefficient accretion of hot gas (T ∼ T virial ) mediated by radiative cooling (e.g. Kereš et al. 2005 Kereš et al. , 2009 Dekel et al. 2009 ).
To help probe the processes responsible for the drastic drop in star formation in massive galaxies and the implied change in the cold gas supply, we have undertaken the GALEX Arecibo SDSS Survey (GASS; Catinella et al. 2010) . The GASS project combines 21 cm H I spectroscopic data obtained with the Arecibo telescope, optical images and spectroscopy from the Sloan Digital Sky Survey (SDSS), and ultraviolet(UV) imaging with the Galaxy Evolution Explorer (GALEX) to measure the atomic gas and stellar content (star formation rate and history), gas phase metallicity, stellar morphology, and disk rotation speeds of about one thousand galaxies over the stellar mass range from M * ∼ 10 10.0−11.5 M ⊙ (roughly centered on the transition mass between star-forming and quiescent populations). We have also obtained molecular gas data from IRAM (COLD GASS; Saintonge et al. 2011 ) and long-slit optical spectroscopy (Moran et al. 2012 ) for a portion of the GASS sample.
Our sample of galaxies in this paper was drawn from the GASS parent sample. This sample enables us to probe the connection between the ISM and CGM in L ⋆ galaxies in a statistically significant manner for the first time. In addition, our sample is also complimentary to the COS-Halos sample as both the sample probe galaxies similar stellar masses. While COS-Halos probed the inner CGM, our sample extends the CGM coverage out to the virial radii. Detailed descriptions of our sample selection criteria, the COS observations, and data reduction are presented in Section 2. The results are presented in Section 3 and their implications are discussed in Section 4. Finally, we summarize our findings in Section 5. The cosmological parameters used in this study are H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7.
OBSERVATIONS
2.1. Sample: COS-GASS Our sample of galaxies was derived from the GASS Survey. We have observed all the cases in which a background Quasi Stellar Object (QSO) with a GALEX Far-UV AB magnitude, FUV mag ≤ 18.5 is situated within a projected separation from the galaxy (impact parameter) of ≤ 250 kpc. This yielded an observed sample of 47 QSO/galaxy pairs. The observations of two of those sightlines were found to be unsuitable for this sample. The first is a Broad Absorption-Line (BAL) QSO in which it is difficult to perform robust measurements of the absorption features associated with the target galaxy. The second sightline yields a damped Lyα system which subsequent observations show not to be directly associated with the primary GASS target. We will discuss this unique system in Borthakur et al. (in preparation) . Hence for the remainder of the paper we concentrate on our final COS-GASS sample of 45 QSO sightlines probing the CGM of low-z galaxies.
The principal properties of the galaxies are summarized in Table 1 . Except where noted below, these parameters were taken from the GASS project (see Catinella et al. 2010 Catinella et al. , 2012 Catinella et al. , 2013 , for details). The stellar masses of the galaxies in our sample range from 10 10.1−11.1 M ⊙ . We have used these stellar masses and the methodology described in Behroozi et al. (2010) to estimate dark matter halo masses, and these range from 11.9-13.6 M ⊙ . The corresponding halo virial radii are also listed in Table 1 .
Information on the QSO sightlines is presented in Table 2. The azimthual orientations of the QSO sightlines with respect to target galaxies were calculated from the position angle of the optical major axis of the galaxy from SDSS r-band photometry. We consider galaxies with the de Vaucouleurs AB parameter greater than 0.7 to be face-on and assign an orientation parameter of 0
• in the analysis presented in the remainder of the paper. Edge−on Galaxies Face−on Galaxies Fig. 1. -Overview of the COS-GASS sample. The figure shows a representative galaxy from the COS-GASS sample at the center of the plot and QSO sightlines shown as filled circles. The sample consists of 45 QSO-galaxy pairs probing the CGM in galaxies from the GASS project. The stellar masses of the sample galaxies range between 10 10.1−11.1 M ⊙ . The median optical (R 90 ) and Hi radii (R HI ) of the galaxies in the sample are shown as blue and red ellipses respectively at the center of the plot. The physical size corresponding to the FWHM of the Arecibo beam at 21 cm at the average redshift for our sample (z = 0.037) is shown in yellow. The QSO sightlines cover a range of impact parameters from 63-231 kpc. The position of the QSO sightlines with respect to the foreground galaxy are shown as filled green circles. The orientations of sightlines with respect to the disks are estimated using position angle of the galaxy major axis from SDSS photometry. We consider galaxies with de Vaucouleurs a/b parameter greater than 0.7 as having a face-on orientation. These galaxies were assigned an orientation parameter of zero degrees and are identified in this figure with a lighter shade of green.
respect to the target galaxy. The sightlines are marked with filled green circles with those probing face-on galaxies being marked in lighter green. The average optical and H I disk sizes of the galaxies are shown blue and red respectively. The optical sizes for the galaxies were estimated from the SDSS photometric parameter, R 90 . The physical size of the Arecibo beam (full width at half maximum, FWHM, of 3.3 ′ ) at the average redshift of 0.037 for our sample is shown as the yellow circle. The Arecibo beam covers the optical extent of every galaxy, but does not extend beyond the virial radius.
H I masses from single-dish measurements
Our 21 cm H I spectroscopic data were primarily derived from the GASS observations obtained with the single-dish Arecibo telescope. The GASS sample also includes a few galaxies from the Arecibo Legacy Fast ALFA (ALFALFA) Survey (Haynes et al. 2011) and Cornell H I archive (CHA, Springob et al. 2005 ) that met the GASS sample selection criteria. For five galaxies in our sample, Arecibo H I measurements were not available (although they were members of the GASS parent sample). For these we performed similar observations with the Robert C. Byrd Green Bank Telescope (GBT)
1 . The GBT data were obtained under program GBT-14A-377. We used the dual polarization L-band system with two intermediate frequency (IF) modes and ninelevel sampling. The IFs were set to yield a channel width 1 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. of 1.56 kHz (0.33 km s −1 ) using 8192 channels over a total bandwidth of 12.5 MHz. Observations were made in the standard position-switching ON-OFF scheme with 300 s at each of the positions. Data were recorded at 10 s intervals to minimize the effect of RFI. The OFF position was chosen +20
′ offset in Right Ascension from each of the sight lines. During each of the observing sessions, we used one of the three standard flux calibrators such as 3C 48 (16.5 Jy), 3C 147 (22.5 Jy), and 3C 286 (15.0 Jy) -for pointing and estimating antenna gain. Local pointing corrections (LPCs) were performed using the observing procedure AutoPeak and the corrections were then automatically applied to the data. This should result in a pointing accuracy of 3 ′′ . Similarly, flux calibrations were performed by applying antenna gain to data for each session separately. Our calibration error is expected to be no more than 10% . The data were analyzed using the NRAO software GBTIDL.
The GBT observational setup was very similar to that of the GASS program and the data products were measured at the same spectral resolution as the GASS sample. The H I masses, the velocity widths and the origin of the H I data are presented in Table 1 . The widths represent the velocity extent of the features at zero flux and were estimated visually.
Cosmic Origins Spectrograph Observations
We carried out ultraviolet spectroscopic observations of the background QSOs with the COS aboard the HST. The data were obtained with the high resolution grating G130M of COS, thus providing a resolution R= 20, 000 − 24, 000 (FWHM ∼ 14 km s −1 ). The data cov- The COS-GASS data are shown as circles and the COS-Halos data are shown as diamonds. The galaxies are divided into two bins based on their specific star-formation rates (see text for details). This is indicated by the color of the symbols. Blue and cyan indicate blue star-forming galaxies from the COS-GASS and COS-Halos samples respectively. Red and yellow indicate the red passive galaxies. As shown with the black line, the radial distribution of the Lyα equivalent width can be fit as exponential with an e-folding scale length of 136 kpc. The grey shaded region represents the uncertainty associated with the fit. Bottom: Variation of Lyα equivalent widths with as a function of normalized impact parameter i.e. ρ/R vir . The panel on the left presents data using a logarithmic radial scale where as the one on the right is a linear radial scale. The best-fit exponential distribution is illustrated with the black solid line. The uncertainty associated with the fit is shown in grey. The best-fit parameters are labeled at the bottom of the right panel and imply an e-folding scale length of 0.85 R vir . ered observed-frame wavelength of 1140-1470Å. This included transitions such as Lyα (λ1215.670Å), C II (λ1334Å), Si II (λ1190, 1193, &1260Å), Si III (λ1206Å), Si IV (λλ1393, 1402Å), and N V (λλ1238, 1242Å).
The data were reduced using the standard COS pipeline. All absorption features in the spectra were identified and were exhaustively matched to identify the species and transition. Absorption features associated with the Milky Way, the target galaxies, intervening systems, and the background QSOs were identified. We use a velocity window of ± 600 km s −1 to associate absorption features with our target galaxies. In other words, transitions detected within ± 600 km s −1 of the systemic velocity of the galaxies are assumed to be associated with the target galaxies. The large velocity range allows us to look for kinematic signatures of possible inflowing or outflowing material.
We do miss a few transitions associated with the target galaxies due to blending with other absorption features such as from the Milky Way or intervening absorbers between the QSO and us. The Lyα equivalent width measurements are provided in column 8 of Table 2 . The velocity centroid and the full width of the absorption profiles of Lyα with respect to systemic velocity of the target galaxies are also provided in the same table.
RESULTS
We detected Lyα absorption in the CGM of 36 out of 39 galaxies where measurements could be made. In the remaining 6 sightlines, the data were contaminated by Milky Way or other intervening absorption systems. For the three non-detections, we report a limiting equivalent width that corresponds to 3 times the noise in the spectra in the vicinity of the expected transition. Most of the Lyα features are saturated (zero residual intensity in the line core) with an equivalent width of more than 0.3Å.
Tracing the Circumgalactic Medium
We begin by assessing the connection of the detected Lyα absorbers to the CGM. Are we seeing gas that is physically connected to the galaxy (a true CGM) or simply material in the inter-galactic medium located close to the galaxy in projection?
First, we can compare the distribution of the Lyα absorbers with respect to the virial radius (R vir ) of the dark matter halo. Our sightlines probe gas over impact parameters that correspond to ∼ 40-100% of R vir (so, we sample mostly the outer region of the halo). In order -Left: 21 cm Hi spectra of one of our target galaxies from the GASS sample. This illustrates a typical Hi profile for our sample. The abscissa and ordinate show the velocity in the rest-frame of the galaxy and the flux in the 21 cm Hi hyperfine transition. The part of the spectrum showing the emission is indicated with the grey shaded region. The velocity centroid of the Lyα absorber detected in the CGM of this galaxy (at ρ =155 kpc) is marked in red. We term the offset between the centroid of the Lyα absorption feature and the systemic velocity of the galaxy (based on SDSS emission-line estimation) as δv Lyα (labeled as the red double headed arrow). Similarly the velocity extent of the Hi with respect to the systemic velocity of the galaxy is termed as δv HI (marked as the blue double headed arrow). Since Hi profiles are not always symmetric with respect to the systemic velocity, we pick the velocity edge of the Hi profile that is closest to Lyα centroid to estimate δv HI . Right: Velocity centroid of Lyα absorbers as a function of the velocity width of the 21 cm Hi profile associated with the host galaxies. All the velocities are in the rest-frame of their host galaxies as measured by optical emission lines. The full widths of the Lyα features are shown as the vertical bars passing the centroids marked by a filled circle. The color of each circle indicates the color of the galaxy as defined by their sSFR and presented in Table 1 .
to cover the full range in impact parameter more completely and with better statistics, we combine our sample with the COS-Halos sample ). The COS-Halos sample covers a similar range in stellar masses and virial radii as our COS-GASS sample. For consistency, we recalculated the halo masses and virial radii for the COS-Halos sample from their stellar masses using the prescription by Behroozi et al. (2010) . Similar to our limiting values, we assign the non-detections in the COS-Halos sample a value equivalent to 3 times the root mean squared (rms) noise in the spectra. The only remaining difference that we do not correct for is the difference in redshift between the two samples of about ∼ 0.1. The combined sample together covers a large range of impact parameters from 10-250 kpc. This corresponds to a range in normalized impact parameter (ρ/R vir ) of 0.1-1.2. Thus, the combined sample fully samples the CGM of the galaxies as a function of normalized impact parameter. Figure 2 shows the distribution of neutral hydrogen as traced by the equivalent width of the Lyα absorption line as a function of impact parameter and normalized impact parameter (ρ/R vir ) for this combined sample. The Lyα equivalent widths are plotted in logarithmic units to show the range of values detected. The COS-GASS sample is plotted as filled circles and the COS-Halos sample is plotted as diamonds. Blue and cyan represents galaxies that have specific star formation rates (sSFR) of higher than 10 −11 yr −1 . These galaxies are also referred to as "blue" galaxies in the rest of the paper. In red and yellow, are galaxies from the combined sample that have sSFRs lower than that value. These galaxies are referred to as "red" galaxies hereafter.
The upper panel of Figure 2 shows that the equivalent We can also assess the velocity offsets between the Lyα absorbers and the central galaxy. Is this gas likely to be bound to the galaxy? We have therefore measured the displacement of the centroid of the Lyα absorption line from the galaxy's systemic velocity and its atomic gas distribution.
Among the sightlines where Lyα was detected, 94% of the absorption features exhibited a velocity centroid within 250 km s −1 of the target galaxy's systemic redshift. We also find that the Lyα absorption show velocities consistent with that of the velocity range observed in the 21cm line profiles of the H I gas within the galaxies. An example of 21cm H I profiles of a target galaxy (J1354+2433) is presented in the left panel of Table 1 . Right: The excess in Lyα equivalent width ([Log W -Log W] Lyα ), which is independent of the impact parameter of the sightlines, as a function of orientation of the QSO sightlines with respect to the target galaxy. The dotted line corresponds to the expected equivalent width based on fit to Figure 2 . We find no correlations between orientation and Lyα strengths. The face-on galaxies were excluded while measuring the strength of the correlation. Figure 3 . The Arecibo spectrum of the galaxy is spread over a ≈ ±200 km s −1 in the rest frame of the galaxy (based on SDSS emission-line estimation) and is marked as the shaded region. The centroid of the Lyα absorption feature is marked with the red arrow. The offset between the centroid of the Lyα absorption feature and the systemic velocity of the galaxy is marked (δ v Lyα ). Similarly, we measured the velocity extent of the 21cm H I profile (δ v HI ) with respect to the systemic velocity of the galaxy. To cope with asymmetric 21 cm H I profiles, we measure the H I velocity extent on the same side of v sys as the Lyα centroid. Hence, the estimates of the difference in the velocity range of the ISM and the CGM are not impacted by the asymmetries in the 21cm H I profile.
The right panel of Figure 3 shows the rest-frame velocity distribution of the Lyα absorbers as a function of velocity distribution of 21cm H I profiles that traces the ISM of the host galaxies. In this figure, the centroids of the Lyα absorption features are marked with filled circles and the full range of velocity for the absorption features are shown as the vertical bar. The color of the symbol represents the color of the galaxy as summarized in Table 1. The velocities are normalized to the rest-frame using optical redshifts from the SDSS.
The grey shaded area represents the region of the space where V Lyα ≤ V HI . Here early 90% (33/36) of the Lyα absorption features have centroids that lie within the velocity range of the 21 cm H I emission-line associated with the target galaxy. Two notable exceptions are the blue galaxy J1541+2817 and the red galaxy J1515+0701. The H I spectral range in J1541+2817 extends from −73 to 107 km s −1 and the Lyα absorber was detected at -399 km s −1 . Similarly, the Lyα velocity centroid of J1515+0701 is -362 km s −1 whereas the H I associated with the galaxy span a range of −207 to 303 km s −1 with respect to the systemic velocity of the galaxy. The origin of the offsets in these two systems is not clear (they do not seem to be in unusual environments relative to the other systems). We conclude that the vast majority of the absorbing systems are very likely to be gravitationally bound material inside the dark matter halo.
Next we have looked for any dependence in the properties of absorbers on the orientation of the sightline with respect to the major axis of the galaxy. This would potentially allow us to distinguish between Lyα arising in an extended disk, in bipolar outflows, or in material simply tracing the dark matter halo Figure 4 presents the strength of Lyα equivalent width as a function of orientation of the sightline with respect to the galaxy (e.g Kacprzak et al. 2010; Bordoloi et al. 2011) . No correlation has been observed. Since we showed previously that Lyα equivalent widths correlate with the normalized impact parameters, we corrected for any impact parameter dependence by dividing the observed Lyα equivalent width by the average Lyα equivalent width described by the best-fit line of Equation 1. We refer to this term as the impact parameter corrected excess in equivalent width, or simply as the excess equivalent width. Here again, we see that the excess in the Lyα equivalent width does not correlate with orientation of the sightline with respect to the target galaxy major axis for the full sample. Part of the reason for the non-existence of any correlation could be because we probing mostly the outer CGM.
Therefore, we conclude that the Lyα absorbers we are studying trace a roughly spherical distribution of gravitationally-bound gas with a characteristic size comparable to the virial radius. This is what we would expect for the CGM.
3.2. Correlation between properties of the CGM and the ISM We now explore the connection between the gas in the CGM as traced by the Lyα absorbers and the cool neutral ISM as traced by the HI 21cm line. Figure 5 shows the results for the COS-GASS sample. The abscissa indicates their 21 cm H I mass on the bottom and their estimated H I radii on the top. The radius of the disk, Figure 6 but with bins that divide the sample into subsets of impact parameter -one less than and the other greater than 170 kpc. The values for the bins were chosen such that the sample is divided more or less equally into 4 bins. Systematic variations the strength of the Lyα absorption as a function of Hi mass within each bin can be seen. The equivalent width of the features are labeled in the right corner of each plot in red. Bottom: Stacks similar to those on the left, but binned by Hi mass fraction and normalized impact parameter (ρ/R vir ). The sample was divided along the median value of normalized impact parameter of 0.64. R HI 2 , was indirectly estimated using the extremely tight relationship between H I mass and size as observed by Swaters et al. (2002) .
We find a positive correlation between the equivalent width of Lyα absorbers in the CGM and M(HI). A Kendall τ test implies that the null hypothesis of no correlation can be rejected at the 98% confidence level 3 . This also implies a positive correlation between the equivalent width of Lyα and the size of the H I disk. We find even stronger correlations between the suitably normalized quantities. This is shown in the right panel where the excess Lyα equivalent width is plotted as a 2 R HI is defined as the annuli of H I mass density of 1 M ⊙ pc −2 or column density 1.3 × 10 20 cm −2 .
3 The test was performed on our censored data using the astronomy survival analysis code ASURV (Feigelson & Nelson 1985) ! Table 1 . Sightlines within about 6 R HI all produce strong saturated Lyα lines. In green we plot the covering fraction of strong Lyα absorbers with equivalent width larger than 0.32Å (-0.5 dex). This corresponds to a column density of ≈ 6 × 10 13 cm −2 or larger. The right abscissa is labeled to indicate the scale.
function of H I mass fraction (M(HI)/M * ) of the host galaxy. The resulting correlation is inconsistent with the null hypothesis at the 99.5% confidence level.
To visualize our data and to help in its interpretation, we also performed a stacking experiment to study the average properties of the CGM as a function of 21 cm H I mass within their host galaxies. We divided our sample into four sub-samples based on their H I masses. Spectra of each sub-sample were stacked within ±1500 km s −1 of the rest-frame Lyα transition associated with the target galaxy. Each spectrum was centered at the centroid of the Lyα absorption feature before the stacking was performed. For the three nondetections, we used the systemic velocity of the target galaxies as zero velocity. The results are presented in Figure 6 . Each of these stacks comprise approximately 8-10 spectra.
We detected Lyα in each stack. However, their strength shows considerable variations. The Lyα strengths increased monotonically with increasing H I mass within the galaxy. Both the peak depth of the absorption features as well as equivalent widths of the absorption features increase with increasing H I mass. Since most of the individual Lyα absorption-lines are saturated, the behavior of the stacks is indicative of the increase in the covering fraction of Lyα in the CGM of galaxies as a function of increasing H I mass. Similar trend is also seen as a function of H I fraction (M(HI)/M ⋆ ). Another way to illustrate the same conclusion is to note the fractional increase in saturated Lyα lines as a function of H I mass. For example, for galaxies with M(HI) < 10 9.1 M ⊙ the fraction of Lyα absorbers with W Lyα > 0.3Å is about 30%. It increases to ∼55% and 67% for galaxies with M(HI) between 10 9.1−9.45 M ⊙ and M(HI) between 10 9.45−9.9 M ⊙ respectively. It reaches 100% in the sub-sample with M(HI) > 10 9.9 M ⊙ . We also investigated the combined influence of impact parameter and H I mass on the equivalent width of the Lyα profile. To do so, we divided the sample into 2 impact parameter bins -one lower and the other higher than 170 kpc. We then sub-divided each sub-sample into galaxies with H I mass less or greater than 9.45 dex. The left panel of Figure 7 shows the stacked spectra for each of the bins. This verifies the influence of H I mass as well as impact parameter separately on the strength of Lyα profiles. A similar set of stacks were produced for the hybrid parameters -M(HI)/M ⋆ and ρ/R vir -these further confirm the correlation between M(HI)/M ⋆ and the strength of the Lyα absorption lines.
We also explore the effect of the size of the H I disk on the properties of the Lyα absorbers. Figure 8 plots the equivalent widths of the Lyα absorbers as a function of the impact parameter normalized by the HI radius (i.e. ρ/R HI ). Sightlines probing the CGM within ∼6 R HI all show strong saturated Lyα absorption features (W Lyα > 0.4Å). The other striking feature of the plot is the steep drop in the strength of the absorptionlines at larger normalized radii.
In conclusion, there is a significant correlation between the strength of the Lyα absorption-lines tracing the CGM and the mass and size of the atomic hydrogen component of the galaxy disk.
Relationships of the CGM to the H I and Star
Formation While the properties of the CGM traced by Lyα correlate with the H I properties of the host galaxy, the H I properties also correlate with the star formation rates of the galaxies Catinella et al. 2010) . In this subsection we examine the correlations between these parameters in an attempt to isolate the primary physical correlations. This can be addressed most easily by determining if there is a correlation between theLyα equivalent width and the star-formation rate, and then comparing this to the strength of the correlation between Lyα equivalent width and H I mass. This will help us probe the physics behind the correlations and isolate the driving mechanisms that connect gas at distances of hundreds of kpc to the central galaxy.
We therefore repeat the same exercise for the SFR as was done for the H I masses in Figure 5 . The corresponding plots showing the distribution of Lyα equivalent width as a function of SFR and the excess in Lyα equivalent width as a function of specific SFR (sSFR = SFR/M * ) are presented in Figure 9 . The Kendall's rank correlation test reveals that the probability of the null hypothesis of no correlation between Lyα equivalent width and SFR can be excluded at the 91% confidence level, while the corresponding probability for the correlation between excess Lyα equivalent width and sSFR is 97%. Comparing these results to the results in Figure 5 implies that the CGM properties correlate better with the properties of the atomic gas than those of the current star formation. This result may not be surprising. Warm ionized gas accreted from the CGM has to pass through the atomic phase (traced by H I 21cm) before condensing into molecular phase, which can then facilitate star formation. The various processes that connect gas inflow to starformation add intrinsic scatter and therefore, weaken the correlation. For example, the efficiency of the conversion of gas from the atomic to molecular phase, and of molecular gas into stars, may show substantial variation among and within galaxies. The dispersion in the correlation between Lyα equivalent in the CGM and the SFRs within the galaxies may indicate lags in the multi-step process of accretion of warm gas via the CGM, condensation to atomic gas, conversion to molecular gas, and finally starformation.
Nevertheless, we do find a significant difference in the Lyα equivalent width distribution between red and blue galaxies. The blue galaxies show a uniform Lyα strength profile as a function of impact parameter whereas the red galaxies show a much larger dispersion at all impact parameters including small ρ/R vir .
[JT] We do find red galaxies with strong Lyα profiles (similar to that found by Thom et al. 2012 ), but almost half of the red galaxies either show weak Lyα or even no Lyα at our detection limit. To further probe the relationship between the CGM and star-formation, a paper detailing the analysis of the properties of neutral hydrogen and metal lines from the combined COS-Haloes and COS-GASS surveys is under preparation.
SUMMARY & IMPLICATIONS
The CGM of galaxies acts as the pathway for baryons and energy to get in and out of the galaxies. The properties of the gas in the CGM not only hold clues to the evolutionary history of the galaxy but also will influence the evolution of the galaxy in the future. After gas from the CGM is accreted onto the galaxy, it is expected to first pass through a phase as atomic hydrogen located primarily in the outer disk.
Therefore, in order to explore the connection between the CGM and the atomic gas reservoir in galactic disks, we have undertaken an observational program with the COS aboard the HST. This program probed the CGM of 45 galaxies out to an impact parameter of ≈250 kpc at the rest-frame of the galaxies. The sample covers galaxies in the stellar mass ranges of 10 10.1−11.1 M ⊙ , and as such, was designed to probe galaxies spanning the stellar mass range where galaxy the galaxy population transitions from lower mass star-forming galaxies that are rich in cold interstellar gas to more massive quiescent galaxies that contain relatively little cold interstellar gas.
Our sample was chosen from the GASS project, which provided Arecibo H I spectra, GALEX photometry, SDSS photometry and spectroscopy and all other related data products. For 5 of the galaxies in the sample that did not have GASS H I spectra, we obtained H I spectral measurements with the GBT.
This sample allowed us to study for the first time the connection between the CGM and the ISM of galaxies. Based on the analysis presented in this paper, we found the following:
1. We detected Lyα absorption in 92% (36/39) of the target galaxies for which we have useful data at the expected position of the Lyα transition. Of these detections, 94% (34/36) show Lyα absorption within ±250 km s −1 of the systemic velocity of their host galaxy.
2. Combining our sample with the complementary COS Halos sample, we found that the radial distribution of Lyα equivalent widths can be fit as an exponential function with an e-folding scale-length of ∼ 0.85 R vir . We defined an excess equivalent width for each Lyα absorption line with respect to the best-fit radial distribution.
3. The equivalent widths of the Lyα absorbers do not correlate with orientation of the sightline with respect to the optical major axis of the target galaxy.
4. These three results imply that Lyα absorbers are tracing a roughly spherical distribution of gravitationally-bound gas with a characteristic size similar to the virial radius of the dark matter halo. This can indeed be described as a Circum-Galactic Medium.
5. We find positive correlations (at a confidence of 98%) between the equivalent width of Lyα and M HI . An even stronger correlation (at a confidence level of 99.5%) is present between the excess (impact-parameter-corrected) Lyα equivalent width ([Log W − Log W] Lyα ) and the H I mass fraction (M HI /M ⋆ ).
6. Similar correlations were also seen in Lyα spectra stacked as a function of H I mass and mass fraction. The underlying reason for the observed increase in Lyα absorption strength in the stacks with H I mass and mass fraction is due to the increase in the covering faction of optically-thick neutral gas. For example, the covering fraction of Lyα absorption is almost 100% in the sub-sample with H I mass, M(HI) > 10 9.9 M ⊙ . This correlation was observed for sightlines probing both smaller as well as larger impact parameters and is independent of the correlation between the equivalent width of Lyα and impact parameter.
7. We have used the HI masses to estimate the radii of the HI disks. We then found that the equivalent width of the Lyα line decreases as the ratio of ρ/R HI increases. Sightlines probing the gas within 6 R HI all show strong Lyα absorption features (equivalent widths > 0.4Å).
8. The strength of the Lyα absorption is also correlated with the SFR in their host galaxies. However, we find the correlations between the equivalent width of Lyα and H I mass and between excess Lyα equivalent width and HI mass fraction to be stronger than the corresponding correlations with SFR and SFR/M ⋆ .
These results are consistent with a picture in which the reservoir of cold gas in galaxies is fed by accretion of gas through/from the CGM. In particular, a process that removes or diminishes this CGM reservoir would lead to a subsequent drop in the cold gas content of the galaxy and hence to a diminished star formation rate.
The results above are suggestive of a gas accretion history that is more or less gradual and continuous, at least among the HI-rich galaxies. For a highly episodic process we would expect to find only a weak or no correlation between the CGM and the cold gas content of galaxies. A picture of continuous gas accretion is also consistent with the result that material producing strong (opticallythick) Lyα absorption-lines has a near-unit covering factor in the CGM of the HI-rich star-forming galaxies in our sample. Interestingly, the HI-poor quiescent galaxies show a wider range in the strength of their Lyα absorption features. Many are weak or even non-detections, but we do detect relatively strong absorption feature in others. This might indicate a more sporadic accretion history for them.
It is noteworthy that the properties of the CGM traced by Lyα absorption are more closely correlated with the properties of HI than with the properties of the star formation. This may be explained by the fact that the H I is mostly in the outer disk and should be more directly related to the effects of accretion from the CGM. In addition, this stronger connection suggests that the material probed with Lyα absorption is primarily gas flowing from the CGM to the galaxy, rather than outflowing gas driven by feedback provided by the ongoing star-formation. This is further supported by the uniformity in the distribution of the Lyα absorbers with respect to the galaxy major/minor axis, and the consistency between the velocity spread of the Lyα absorbers and the 21 cm H I in the galaxy disk.
Having established a connection between the cool gas in the CGM and the HI in the galactic disk, it will be important to further probe the interface region between the outer disk and the inner CGM to look for clues as to how and where the accretion/condensation is happening.
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